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ABSTRACT 

An i n t e r n a t i o n a l  research l abo ra to r y  can be es tab l i shed  on t h e  Moon i n  t h e  
e a r l y  years o f  t h e  21st Century. I t  can be b u i l t  us ing t h e  t r a n s p o r t a t i o n  
system now envis ioned by NASA, which inc ludes  a space s t a t i o n  f o r  Ear th  
o r b i t a l  l o g i s t i c s  and o r b i t a l  t r a n s f e r  veh i c l es  f o r  Earth-Moon 
t r anspo r ta t i on .  A s c i e n t i f i c  l abo ra to r y  on t h e  Moon would permi t  extended 
s u r f  ace and subsurf ace g e o l o j i c a l  exp lo ra t ion ;  l ong-dura t i  on experiments 
d e f i n i n g  t h e  l una r  environment and i t s  m o d i f i c a t i o n  by su r face  a c t i v i t y ;  new 
c lasses o f  observat ions i n  astronomy; space plasma and fundamental phys ics  
experiments; and lunar  resource development. The d iscovery  o f  a lunar  source 
f o r  p r o p e l l a n t s  may reduce t h e  cos t  c f  cons t ruc t i ng  l a r g e  permanent 
f a c i l i t i e s  i n  space and enhance o ther  space programs such as Mars 
e s p l o r a t i  on. 

INTRODUCTION 

Over t h e  pas t  few years t h e  authors  have organized and at tended a number o f  
s tud ies ,  workshops, and symposia addressing poss ib i  1  i t i e s  f o r  f u t u r e  manned 
space e x p l o r a t i o n  programs. Among t h e  conferences a re  inc luded  t h e  Lunar 
Bases Workshop / I / ,  t h e  Lunar bases Symposium /2/. and t h e  Manned Wars 
hi  sc ions Study /3 / ,  a1 1  o f  which promoted d e l i b e r a t i o n s  and formed 
conc lus ions on e , : t r a t e r r e s t r i a l  bases and outpostsc  We have focussed 
recent1  y on manned e:.;!orati on5 t o  supplement cu r ren t  experience i n  unmanned 
i n v e s t i g a t i o n s  i n  t h e  hope t h a t  an optimum m i x  o f  manned vs. unmanned 
s c i e n t i f i c  c a p a b i l i t i e s  w i l l  emerge. The purpose o f  t h i s  paper i s  t o  show 
how a  manneo research l abo ra to r y  on t h e  Moon o f f e r s  unique oppot-tuni t i e s  f o r  
geo loq ica l  and ~s t rono rn i ca l  observat ions, as we l l  as f o r  c e r t a i n  k inds o f  
fundamental phys ics  experiments. 

A LUNAR BASE I N  PERSF'ECTIVE 

Very recen t l y ,  t h e  Uni ted Sta tes '  Nat iona l  Commission on Space, cha l red by  
Thomas 0. Paine, publ ished i t s  r e p o r t / 4 /  on f u t u r e  space endeavors. S'hat 
r e p o r t  takes t h e  view t h a t  a  n a t i o n  can best  determine which space projt-ams 
should be developed over t h e  next  ZCl yea-s  by 1ool. ing ahead 50 years and 
dec id ing where i t  warrts t o  b e  then. We taC.e t h a t  view here i n  order- t o  pu t  
t he  lunar  l abo ra to r y  l n  perspect ive .  

Support ing Transportation Systems 

We assume t h a t  t h e  lunar  research f a c i l i t y  w i l l  be b u i l t  w i t h i n  a b r ~ a d l y  
based i n f r a s t r u c t u r e  of  s t a t i o n s ,  veh ic les ,  and programs t h a t  can be  
developed i n  an evc lu t ionary  space program /5/. The f i r s t  element of t he  
i n f r a s t r u c t u r e  i s  t he  reusable space s h u t t l e  and i t s  subsequent c l e r i k a t i i e s  
necessary f o r  t r anspo r ta t i on  between t h e  Ea r th "  sur face and t h e  space 
s ta t :  or,. The next  element i s  t h e  low-Earth-orbi t (LEO) space c, tat ion,  which 
w i l l  serve i;s a t r anspo r ta t i on  node, or  spaceport, t o  support fut-thet- 
ventures deeper i n t o  space. The t h i r d  element w i  11 i n c l ~ t d e  or-tii t a l  t rar:s. fer 
veh ic les  f o r  hau l ing cargoes and people between LEO and geosynchronous orbit, 



low- lunar -orb i t ,  o r  o ther  spaceports t h a t  may be l oca ted  a t  p a r t i c u l a r  
l i b r a t i o n  p o i n t s  /6;. G i v e n - t h a t  much i n f r a s t r u c t u r e  i n  p lace,  a  na t i on  
cou ld  e s t a b l i s h  and main ta in  a lunar  outpost w i t h  r e l a t i v e  ease a f t e r  
developing an appropr ia te  lunar  lander. 

F igure  1 suggests a  suppor t i ve  r o l e  t h a t  a  lunar  base might  p l a y  i n  a  space 
program several  decades i n t o  t h e  f u tu re .  The curves i n d i c a t e  t h e  changes i n  
v e l o c i t y  (de l ta -v )  t h a t  a re  requ i red  f o r  a  rocLet  t o  t r a v e l  from one p lace  t o  
another. 4s t h e  rocke t  equat ion shows / A / ,  t h e  l a r g e r  d e l t a - v  i s ,  t h e  l a r g e r  
w i  11 be t h e  mass o f  p r o p e l l a n t  r equ i red  f o r  t h e  t r i p .  The sur face  o f  t h e  
Ear th  i s  dep ic ted i n  Fig.  1  as be ing a t  +he bottom of  a deep "we l l . "  The 
l a rges t  s i n g l e  de l ta-v  s tep shown is t h a t  o f  l i f t i n g  an o b j e c t  f rom t h e  
surface o f  t h e  Ear th  t o  LEO. C lear l y ,  t h i s  s tep must be performed as 
e f f i c i e n t l y  as poss ib l e  and w i l l  e ven tua l l y  i n v o l v e  new innova t ions  such as 
aercspace plank?s and shu t t le -der i ved  heavy l i f t  launch veh ic les .  Furthermore, 
t h e  sooner e x t r a t e r r e s t r i a l  resources can be used i n  an expanding space 
program, t h e  l e s s  dependent t h s  program w i l l  be on t h i s  expensive f i r s t  s tep  
and t h e  f a s t e r  i t  can grow. The Moon has abundant resources. 

Lunar Resources 

One o f  t h e  eas ies t  t h i ngs  t o  ge t  from t h e  Moon i s  s o i l ,  o r  r e g o l i t h ,  f o r  
r a d i a t i o n  s h i e l d i n g  a t  a  h a b i t a t  t h a t  i s  l oca ted  e i t h e r  on t h e  l una r  su r f ace  
or. f o r  instance!  a t  some spaceport p laced f a r  from t h e  Ea r th  and Moon. 
L i f t i n g  an ob jec t  frcm t h e  Moon r e q u i r e s  a  de l ta-v  of  on l y  2.4 km/s, whereas 
l i f t i n g  i t  from the  Ear th  requ i res  a  t o t a l  de l ta-v  of  over 11.2 km/s. Beyond 
t h e  p r o t e c t i o n  o f  t h e  Ea r th ' s  magnetic f i e l d ,  an annual b i a l o g i c a l  dose f rom 
g a l a c t i c  cosmic rays  i s  about 50 rem /7/; 5 rem per year i s  a l lowed f o r  
r a d i a t i o n  workers i n  t h e  Uni ted States.  I n  add i t i on ,  severa l  s o l a r  f l a r e s  
per 11-year Sun spot c y c l e  cou ld  be l e t h a l  t o  as t ronauts  w i t hou t  a  r a d i a t i o n  
"storm c e l l a r "  o f  some type. I f  l unar  r e g o l i t h  were used f o r  sh ie ld ing .  t h e  
cost  of  l i f t i n g  i n e r t  ma te r i a l  f rom t h e  sur face o f  t h e  E a r t h  would be 
avoided. 

Oxygen w i l l  be important  t o  a  growing space program. F o r t y  percent  o f  t h e  
Moon i s  oxygen--locked up t i g h t l y  i n  chemical bonds. However, msny ways o f  
e:.:tractirrq oxygen from lunar  reg01 i t h  have been studied,  and severa l  appear 
t o  be f e a s i b l e  / 8 / .  This  suggests t h a t  hydrogen. t h e  l i g h t e r  element o f  
hydrogen- oxygen p rope l l an t  f o r  r ocke t  engines, can be brought  up f rcm E a r t h  
and t h a t  oxygen, t he  heavier  element, can be manufactured on t h e  Mcon. F i g u r e  
2 r e l a t e s  t h e  development o f  a lunar  base t o  t h e  growth o f  l una r  resource 
support of  t h e  t r anspo r ta t i on  system. I n i t i a l l y ,  t h e  base i s  t o t a l l y  
dependent on t e r r e s t r i a l  supply, which means t h a t  7 I:g o f  p r o p e l l a n t  is 
needed i n  LEO t o  p lace 1  kg on t h e  lunar  surface. With t h e  i n t r o d u c t i o n  o f  
lunar  o::ygan, f i r s t  i ~ t o  near-Moon opet-at.ior;s and then i n t o  t h e  r e t u r n  pa th  
t o  Earth, t he  s lope of t h e  CLirve changes from 7: 1 t o  3.5:1. As manufactur ing 
c a p a b i l i t i e s  increase t o  t he  p o i n t  a t  which aerobrakes (heat  s h i e l d s  +or  
veh ic les  dece le ra t ing  i n  a  p l a n e t ' s  atmosphere! can be manufactured from 
lunar  mate ria?,^, t he  s lope decreases t o  something s l i g h t 1  y grea te r  than 1: 1. 

As t he  base becomes s e l f - s u f f i c i e n t ,  o n l y  t r a c e  minera ls  and crew changes a re  
charged t a  lunar  operation-s, and t he  s lope of  t h e  curve i n  F ig .  2 is 
e s s e n t i a l l y  f l a t .  I n  time, t he re  cou ld  be economic balance between the  Ea r th  
and t he  Noon. Lunar " c r e d i t s "  a re  shown q u a n t i t a t i v e l y  i n  F ig .  2 a t  t he  
po in t  where a  closed eco log ica l  l i f e  support system (CELSS) i s  es tab l ished 
a i t e r  s i g n i f  i c a n t  m a n ~ ~ f a c t u r i n g  rapabi  11 t i e s  a re  ava i l ab le .  

Another p ~ t e n t i a l  lunar  resource i s  g lass.  Lunar g lass  may possess h i ~ h e i *  
t e n s i l e  s t r eng th  than t h n t  of equ iva lent  ma te r i a l s  on Ear th .  The stren3t.h of 
silicates i s  reduced by an order of magnitude or. Ear th  because of  the  



h y d r o l y s i s  of  Si-0 bonds a t -  crack t i p s  o r  d i s l oca t i ons .  I n  t h e  extremely 
anhydrous env i ronm~n  t on t h e  Moon, h y d r o l y t i c  wea::eninq w i  11 b~  suppressed 
9 Thus, lunar  s i  1  i c a t e  g lass  cou ld  p o s s i b l y  be s u b s t i t u t e d  f o r  s t r u c t u r a l  
metals i n  a v a r i e t y  o f  space engineer ing app l i ca t i ons .  

S t i l l  o ther  commodities ~ t s e f u l  t o  an expanding space prclgram cou ld  be 
produced on t h e  Moon. Metals, such as i r o n  o r  t i t an ium,  can be ex t rac ted  
f rom t h e  lunar  s o i l ,  rocks, o r  minera ls  w i t h  d i f f e r i n g  degrees o f  difficulty. 
For example, smal l  q u a n t i t i e s  of  metal ( p r i m a r i l y  i r o n )  f rom m e t ~ o r i t ~ s  can 
be concentrated w i t h  a  magnetic device from l a r j e  amounts o f  lunar- s o i l :  o r ,  
w i t h  much l a r g e r  energy inpu ts .  t i t a n i u m  can be obtained f rom i lmen l t e .  These 
products cou ld  be used i n  l a r g e  space s t ruc tu res .  Lunar t i t a n i a  o r  alumina 
miyht  be used. to  produce aerobrakes f o r  r e t u r n i n g  t o  Ea r th  o r  land ing a t  
Mars. A t  h igher  l e v e l s  o f  development, t h e  p roduc t ion  o f  components f o r  s o l a r  
e l e c t r i c  power generat ion i n  space (e.g., s o l a r  power s a t e l l i t e s )  could be 
f e a s i b l e  / la / .  

t 

Complementary Resources f rom Mars 

Water i s  known t o  e s i s t  on t h e  sur face o f  Mars /11/. However, t o  avo id  
having t o  use t h e  p r o p e l l a n t  r equ i red  t o  remove resources f rom Mars, where 
t h e  escape v e l o c i t y  i s  5 km/s, one may f i r s t  seek resources a t  Mars' moons, 
s i nce  o n l y  docking maneuvers a re  needed t o  approach them. There i s  s t rong  
evidence t h a t  Mars' two moons, Phobos and Deimos, have composi t i  on5 s i m i l a r  
t o  t h a t  o f  a carbonaceous chrondr i te - -a  t ype  of meteor i te  t h a t  i s  r i c h  i n  
water and o rgan ics  / I? / .  Furthermore, r e t u r n i n g  t o  Fig.  1  we see t h a t  t h e  
de l ta -v  r e q u i r e d  f o r  a  3-day t r i p  from LEO t o  a s o f t  l and ing  on t h e  Moon i s  
approximately t h e  same as t h e  de l ta -v  r e q u i r e d  f o r  an 8-month t r i p  from LEO 
t o  Deimos. I f  unmanned f r e i g h t e r s  a re  used t o  c a r r y  cargoes from Mars" 
v i c i n i t y  t o  Ear th ' s  v i c i n i t y ,  t h e  long t r i p  t i m e  cou ld  be t o l e ra ted .  Sa we 
may f i n d  t h a t  t h e  resGurces of t h e  Moon, which a re  q u i t e  d r y  and con ta in  o n l y  
t r aces  o f  carbon, and those o f  Mars' moons w i l l  complement t h e  needs of  a  
growing space program. 

Costs 

Costs of p l a c i n g  on t h e  Moon a  permanent base housing 24 people were 
est imated i n  1968 by a  Stanford-Ames study /13/. The group concluded t h a t  
over a 15-year per iod,  t h e  t o t a l  development, a c q u i s i t i o n ,  de l i ve ry ,  and 
b ~ t i l d i n g  cos ts  would be 817 b i l l i o n ,  which t r a n s l a t e s  t c l  $60 b i l l i o n  i n  1986 
( 1  b i l l i o n  = L O T ) .  Th is  f i g u r e  i s  cons is ten t  w i t h  a  recen t  NBSA assessment 
showing t h a t  a  permanent lunar  base, and t h e  necessary o r b l t a l  t r a n s f e r  
veh ic les  and l una r  landers,  can be b u i l t  over 25 years f o r  about $90 b l l l  i o n  
i n  1986 d o l l a r s  /14/. To compare, t h e  Apo l lo  program t h a t  landed a doten 
ast ronauts  on t he  sur face of t h e  Moon was completed i n  11 years and cost  
about $BE! b i l l i o n  i n  1986 d o l l a r s .  

The Apol lo  program developed when t h e  U.S. gross n a t i o n a l  p roduct  w a s  l e s s  
than one-half o f  what i t  i s  today, a f t e r  account inq f o r  i n f  l a t i o n  /15/. Thus, 
if a lunar  base p r o j e c t  were b u i l t  by  t h e  U.S. over about 2 decsdcs, it would 
have l e s s  than one-fourth as much annual impact on t h e  U.S. economrG as d i d  
t he  Apo l lo  program dur ing  t h e  19605. P u t t i n g  it d i f f e r e n t l y ,  a p?rmanertt 
l unar  base can be b u i l t  f o r  l ess  than one-tenth of one percent  o f  t t4e  
cumulat ive U.S. gross na t i ona l  product.  / l 5 , l h / .  However, a1 thougt-I t he  LJ. S. 
can a f f o rd  t o  b u i l d  a  pep-manent base on the Moon wi thout  t h e  he lp  of  o t h c ~ .  
nat ions,  t h a t  may no t  be t h e  most des i rab le  w a y  t o  go abaut i t .  



I n t e r n a t i o n a l  Cooperati on . 

A lunar  l abo ra to ry  cou ld  serve as a v e h i c i e  f o r  f u t u r e  i n t e r n a t i o n a l  
cooperat ion by coord ina t ing  tasks t o  take maximum advantage o f  t h e  
complementary techno log ica l  s k i l l s  o f  a l l  p a r t i c i p a t i n g  n a t i o n a l  space 
programs. I n  t h i s  way, cooperat ion among na t ions  w i l l  be encouraged b y  l a r g e  
s c i e n t i f i c  program- as was done. f o r  example, i n  t h e  I n t e r n a t i o n a l  
Geophysical Year e. r o r t s  i n  1958. 

The i n t e r n a t i o n a l  nature of t h i s  p r o j e c t  must be s tud ied c a r e f u l  1  y .  Two 
models a re  s ~ ~ g j e s t e d  by analogy w i t h  t h e  CERN and Fermilab p a r t i c l e  
acce le ra to r  labora to r ies .  CERN (Geneva) was b u i l t  by--and i s  managed by 
represen ta t i ves  from-- several  count r ies :  Fermilab (Chicago) was t u i l  t and i s  
managed by  one country. Both l a b o r a t o r i e s  a re  " i n t e r n a t i o n a l "  and have 
accepted research s c i e n t i s t s  from al l '  nver t h e  world. We a re  no t  prepared t o  
suggest a  s p e c i f i c  model a t  t h i s  t ime, b ~ t  t h e  i dea  i s  n o t  w i thou t  
precedence. Spacelab i s  an i n t e r n a t i o n a l  l abo ra to ry  bu i  l t  by t h e  European 
Space Agency and launched i n t o  LEO on t h e  U.S. shu t t l e .  An i n t e r n a t i o n a l  
research l abo ra to ry  on t h e  mcm may be merely a  l o g i c a l  extension o f  
Space1 ab. 

Science as a  Rat iona le? 

We agree w i t h  t h e  viewpoint expressed by t h e  Nat iona l  ~ o i m i s s i o n  on Space 
when i t  repor ts ,  "The Solar System i s  our extended home.. . . Now space 
technology has f r eed  humanl::ind t o  move outward from Ear th  as a  species 
dest ined t o  expand t o  o ther  worlds" /17/. Th is  v iewpoint  suggests t h a t  t h e  
s c i e n t i f i c  exp lo ra t i on  o f  space has a spec ia l  meaning f o r  s c i e n t i s t s  and 
non-sc ien t i s ts  a1 i ke --a meaning t h a t  transcends t h e  usual r a t i o n a l e  f o r  
doing science. With t h i s  v iewpoint  i n  mind. we can accept t h e  premise t h a t  
science alone may no t  be a s u f f i c i e n t  reason f o r  spending money t o  exp lo re  
space o r  b u i l d  a lunar  laboratot-y. and s t i  11 we can presume t h a t  someday a 
lunar  base w i l l  be j u s t i f i e d  and b u i l t .  I t  w i l l  be b u i l t  f o r  many reasons, 
i n c l u d i n j  perceived s c i e n t i f i c ,  p o l i t i c a l ,  and economic bene f i t s .  

So the  key quest ion t o  be answered by t h e  s c i e n t i s t  i s ,  "Given t h a t  a lunar  
base w i l l  be establ ished,  what are  i n t e r e s t i n g  and unique s c i e n t i f i c  
i n v e s t i g a t i o n s  t h a t  people can do on t h e  Mom?" It i s  from the  broad 
perspect ive o u t l i n e d  above, showing how a lunar  base f i t s  i n t o  t h e  con tex t  o f  
an l a r g e r  expanding space program, t h a t  we t u r n  t o  t h i s  quest ion. 

SCIENCE AT A MANNED LUNAR LABORATORY 

The Moon i s  a cornerstone f o r  comparative ?lanetology because i t  evolved w i t h  
out atmosphere o r  water, and records o f  e a r l y  j e o l o ~ i c a l  events s t i l l  can be 
fcr~lnd. A permanent lunar   bas^ o f f e r s  t h e  oppor tun i t y  t o  study t he  Moon i n  
m~tch greater  C c t a i l  than has ever been poss ib le .  I t  a l s o  a l lows  us t o  use 
t h ~  unique lunarc environment as a  p l a t f o r m  f o r  astronomical,  so la r ,  space 
plasma, and f undsmental physics expet-iments. 

The Lunar Environment 

The lunar  environment i s  charac te r i red  by low gt-avi t y  (one-sixth t h a t  of 
Ea r th ) ,  h igh  vacuum ( 2  :.: l(F molecules/crn~, o r  10-12 t o r r ) ,  seismic stab1 1 i t y  
( l O - m  t imes the  seismic energy of Ear th)  , low temperatures a t  t he  p a l e e  
(about 70 I : : : ) ,  l a r g e  d iu rna l  temperatures a t  t he  equator (IOC! t o  ZE5 t : ! ,  and 
low r a d i o  no ise on t he  f a r  s ide.  A fe.4 met.et-s above the  surface on the  
dayside, there  i s  an e l e c t r i c  C ie ld  of r ouyh l y  20 vo l ts /meter  r e s u l t i n g  from 
p h o t o e l e c t r i c  i n t e r a c t i o n s  o f  sun1 i j h t  on t h e  rego l  i t h .  The Nos? spends 
th ree- four ths  o f  i t s  t ime i n  the  so la r  wind and one-fourth of i t s  t ime i n  t he  



Ear th ' s  geomagnetic t a i l .  Magnetic f i e l d s  vary  across t h e  Moon's su r face  
f rom about 30 t o  300 gammas' ( 1  gamma = 10-rn Oersted = 10'- Gauss.). The 
tenuous 1  unar atmosphere consi  a t s  of  s o l a r  wind gasses (most ly  h y d r o g ~ n ,  
helium, and neon) and minor amounts o f  o ther  gases apparent ly  0u tgasS~d  from 
t h e  lunar  i n t e r i o r .  The e n t i r e  l una r  atmosphere has a  mass of about 104 kg. 
Since t h e r e  i s  p r a c t i c a l l y  no atmosphere t o  produce decaying p i c n s  from 
cosmic r a y  i n t e r a c t i o n s ,  c a l c u l a t i o n s  show t h a t ,  f o r  n e u t r i n o  energ ies  
between 1 Gev and 1 Tev, t h e  n e u t r i n o  background i s  100 t imes  lower on t h e  
Moon than on t h e  Ear th  /is/. Primary cosmic r a y  i n t e n s i t i e s  a r e  more uniform1 
and constant  than a t  t h e  Earth. Solar  f l a r e  pro tons 8t  h i g h  f lux l e v e l s  
represent  t h e  most hazardous short - term r a d i a t i o n  problem f o r  human b ~ i n q s .  A 
r e g o l i t h  2 t o  30 meters th ick:  covers t h e  e n t i r e  lunar  su r face ,  having a  
d e n s i t y  t h a t  increases from 1 t o  1.8 gm/cms as t h e  depth increases from 1 mm 
~7 20 cm. The Moon t u r n s  s lowly,  g i v i n g  2-week days and n igh ts ,  and l a r g e  
thermal  g rad ien t s  a re  produced between shadow and sun l i gh t .  Micrometeor i tes  
a t  cosmic v e l o c i t i e s  bombard t h e  sur face  o f  t h e  Moon a t  a r a t e  of 300/mz/yr, 
making c r a t e r s  10 micrometers i n  diameter /19/. 

Lunar Science 

Traces of t h e  key events i n  s o l a r  system h i s t o r y  have been abo l ished on Ear th  
by  v igorous t e r r e s t r i a l  geo log ic  processes. To understand t h e  Ea r th ' s  e a r l y  
h i s t o r y ,  we must s tudy t h e  Moon. Even w i t h  t h e  weal th c f  knowledge gained 
about t h e  Moon by t h e  Apo l lo  Program, t h e r e  a re  s t i l l  many unanswered 
quest ions. We do no t  know, f o r  example, how t h e  Moon formed o r  evolved. nor 
do we know t h e  composi t ion and s t r u c t u r e  o f  t h e  c r u s t  and mantle. What i s  
t h e  s i r e  o f  t h e  metal core, i f  t h e r e  i s  one? What i s  t h e  thermal h i s t o r y  o f  
t h e  Moon, and what i s  t h e  na tu re  o f  l unar  volcanism? We do no t  know t h e  
h i s t o r y  and na tu re  of t h e  impact processes o f  t h e  Moon. fin e labora te  network 
o f  i n - s i t u  measurements must be made be fo re  these quest ions can be answered 
con f i den t l y .  

An a r r a y  o f  about 30 seismic de tec to r s  should be d i s t r i b u t e d  un i f o rm ly  over 
t h e  su r face  o f  t h e  Moon t o  charac te r i ze  t h e  lunar  i n t e r i o r  more e f f e c t i v e l y .  
Th is  network must operate cont inuous ly  f o r  many years t o  de tec t  and analyze 
n a t u r a l l y  occur r ing  moonquakes and t o  record  t h e  t r a v e l  t imes o f  t h e  s t r e s s  
waves i n i t i a t e d  by l a r g e  me teo r i t e  impacts. Heat f l o w  measurements should be 
made a t  many s i t e s  so t h a t  t h e  amount and d i s t r i b u t i o n  o f  r a d i o a c t i v e  
elements w i t h i n  t h e  Moon can be determined. Th is  i n fo rma t i on  i s  ct-uclal  t o  
models o f  l unar  s t r uc tu re ,  bu l k  composit ion, and h i s t o r y .  

A l unar  base can p rov ide  t h e  oppo r tun i t y  f o r  d e t a i l e d  s tud ies  o f  l unar  
samples c o l l e c t e d  from a1 1  types of t e r r a i n .  These i n v e s t i g a t i o n s  can 
determine t h e  ages o f  t h e  o l des t  and youngest rocks. t h e  s t y l e  o f  
emplacements of t h e  e a r l i e s t  c r u s t a l  u n i t s ,  t h e  na tu re  o f  rocks  brouqht u p  
from depths by l a r g e  impacts, and t h e  manner i n  which ma te r i a l  i s  hu r led  
acrass t h e  s u r f a c ~  by those impacts. These examinations r e q u i r e  t h a t  the  
lunar  s u r f  ace be mapped and sampled along t raverses  hundreds of  k i  lometers 
long and t h a t  c r a t e r  w a l l s  and c e n t r a l  u p l i f t s  be scaled. These s tud ies  a re  
needed t o  develop a  f u l l  understanding o f  t h e  o t - ig in  and e v o l ~ r t i a n  o f  t t , s  
Moon" c rus t .  

The rocks and s o i l  e::posed a t  t h e  lunar  sur face a re  g r e a t l y  depleted i n  
. lolati les&compared w i t h  t h x a  o f  Earth,  which i m p l i e s  t h a t  t h e i r  source 
m t t e r i a l s  passed through an ex tens ive  outgassing stage. Howevm-, h i gh  
con:cntrations of some v o l a t i l e  elements a re  found deposi ted on t h e  surfaces 
of g:ass d rop le t s  formed dur ing  vo lcan ic  exp los ions and c o l l e c t e d  a t  t h e  
Apollc-11, -15, and -17 sj tes .  These data i n d i c a t e  t h a t  some v o l a t i l e s  a re  
present i n  t h e  lunar  i n t e r i o r  and may i-le c a r r i e d  t o  t h e  s ~ l r f a c e  by vo lcan ic  
erupt ions.  I n  a d d i t i o n  t o  t h e  d e s i r a b i l i t y  o f  f i n d i n g  water i n  t h e  Noon, 



f i n d i n g  smal l  q u a n t i t i e s  of. o ther  v o l a t i l e s  t h e r e  w i l l  have major 
imp1 i c a t i o n s  f o r  our understanding of l una r  o r i g i n ,  composit ion, s t r u c t u r e ?  
and h i  s t o r y .  

F i n a l l y ,  t h e  Moon i s  a  use fu l  de tec to r  t h a t  can g i v e  va luab le  i n fo rma t i on  
about s o l a r  and cosmic-ray h i s t o r y .  The core samples obtained dur ing  t h e  
Apol lo  missions con ta in  a  record  a f  t h e  Sun's h i s t o r y ,  b u t  t h e  lunat- regolith, 
i s  t o o  compl icated t o  be u n d e r s t ~ o d  on t h e  b a s i s  o f  a few samples. De ta i l ed  
s t ~ c d i e s  supported by a  lunar  base would i nc l ude  co r i ng  up t o  10 m deep, 
t rench ing,  i n - s i  t u  appra isa l  o f  l unar  reg01 i t h  sect ions,  and numeroul; 
i nspec t i on  s i t e s  and analyses. 

Astronomy from t h e  Noon 

There a r e  s i g n i f i c a n t  s c i e n t i f i c  quest ions t h a t  can be answered o n l y  w i t h  
astronomical  observator ies  hav i  ng h igher  angular resolu.c ion and g rea te r  
s e n s i t i v i t y  than i s  p o s s i b l e  a t  f a c i l i t i e s  on t h e  Earth. The c u r r e n t  model 
f o r  t h e  c e n t r a l  energy source i n  g a l a c t i c  n u c l e i  and quasars i n v o l v e s  a  blacl.. 
ho le  acc re t i ng  mass from surrounding s ta r s :  t e s t s  o f  t h i s  model r e q u i r e  
micro-arcsec r e s o l u t i o n  a t  rad io ,  o p t i c a l ,  and x-ray wavelengths. The 
de tec t i on  of  p l ane ts  o r b i t i n g  nearby s ta r s ,  fundamental improvements i n  t h e  
cosmic d is tance  scale,  and more p rec i se  est imates o f  t h e  " i n v i s i b l e "  mass i n  
t h e  un iverse c a l l  f o r  u l t r a h i g h  r e s o l u t i o n  a t  o p t i c a l ,  i n f r a r e d ,  and r a d i o  
frequencies. De ta i l ed  observat ions o f  p r i m o r d i a l  ga lax ies  w i t h  l a r g e  
red-sh i f  t s  in t h e  o p t i c a l ,  i n f r a red ,  microwave, and x-ray wavelengths w i  11 
p rov ide  i n fo rma t i on  on t he  evo lu t i on  o f  ga lax ies  and t h e  universe.  Comets 
r e s i d i n g  i n  t h e  i nne r  p a r t  of t h e  Oort cloud, 1,iGC) t o  100,000 astronomical  
u n i t s  away, cou ld  be detected and s tud ied  w i t h  a 20-m-aperture o p t i c a l  
telescops. The v e r s a t i l e  f a c i l i t i e s  needed t o  make these fundamental 
i n v e s t i g a t i o n s  can be loca ted  a t  a  l una r  base. 

I n  some respects,  t h e  Moon i s  an i d e a l  p l ace  f o r  an astronomical  observatory.  
A l unar  observatory w i l l  have no atmospheric absorpt ion and w i l l  p rov ide  a  
s t a b l e  and s e i s m i c a l l y  qu ie t  p la t fo rm,  n a t u r a l  access t o  cryogenic 
temperatures, and low g r a v i t y  f o r  bu i  l d i n q  l a r g e  s igna l -co l  l e c t i n g  areas. I n  
t h e  l una r  environment, "naked" de tec to rs  may be operated. Arecibo-type r a d l o  
antennas may be contoured w i t h i n  e x i s t i n g  c ra te r s ,  and long  base l i ne  
i n te r f e rome te rs  may be estab l ished.  The f a r  s i d e  o f  t h e  Moon i s  always 
sh ie lded f rom t h e  Ear th 's  e lectromaynet ic  noise. F u l l  darkness l a s t c  f o r  1 4  
days. The slow r o t a t i o n  r a t e  of t h e  Moon makes i t  a s imple task  t o  track: a  
c e l e s t i  a1 ob jec t  from a lunar  p la t fo rm.  For these reasons, astronomical  
measicrements on t h e  Moon w i l l  r e s u l t  i n  h igher  angular r e s o l u t i o n  and j re3te t -  
s e n s i t i v i t y  than those made a t  comparable f a c i l i t i e s  on t h e  Ear th  and, i n  
some cases, i n  LEO /20,21/. 

The s e n s i t i v i t y  f o r  te lescopes v a r i e s  as t h e  e f f e c t i v e  area o f  t he  aperture:  
t he  angular  r e s o l u t i o n  f o r  telescopes i s  1  /D, where 1  i s  t h e  e lectromagnet ic  
wavelenjth, D i s  t h e  aper tu re  diameter, and t h e  t - e s ~ i ~ ~ t i o n  i s  j i k8en i n  
radians.  Thus, f o r  v i s i b l e  l i g h t  w i t h  1  = 50U nm, a 1-m-diameter te lescope 
w i l l  have an angular r e s o l u t i o n  o f  0.5 micro-radians, o r  0.1 arcsec. However, 
0.1 arcsec r e s o l u t i o n  c a n n ~ t  be obtained on Ear th  because o f  a t m ~ s p t ~ e r i c  
disturbances, and t he  Hubble Space Telescope Program w i l l  p lace  o 2-m 
telescope i n t o  LEO w i t h  t h e  space s h u t t l e  so t h a t  t h e  i d e a l  r e s a l ~ t t i o n  can be 
achieved. 

F ' u t t i n j  l a r g e r  o p t i c a l  te lescopes i n t o  space i s  a  sub jec t  a l ready  being 
discussed and a t  some po in t ,  r a t h e r  t h a t  b u i l d i n g  them on Ear th  and launching 
them i n t o  space, i t  w i l l  be more ecomomical t o  b u i l d  te lescopes w i t h  
indigenous lunar  ma te r i a l s  and anchor them f i r m l y  on t h e  l ~ t n a r  sur faca.  A 
5 0 - m  m i r r o r  would de4ot-m under i t s  own weight, even on t h e  Moon, so a 



segmented m i r r o r  would a f f e r  t h e  l a r g e s t  optimum f i e l d  o f  view. thermal 
p ro tec t i on ,  t h e  te lescope coUld be housed i n s i d e  a  idome. " Such 3 te lescope 
can work i n  t h e  e l e c t r o m a ~ ~ n e t i c  spectrum f ror .  u l t r a v i o l e t  wavelengths t o  
mid- inf  t-ared wavelenghts--1 i m i  t e d  by m i r r o r  coa t ings  and p o l  i s h  a t  smal let- 
wavelengths and by thermal m i r r o r  e m i s s i v i t y  a t  t h e  l a r g e r  wavelengths / X I .  
Also, very  l a r g e  a r rays  (VLAs) o f  opk ica l  te lescopes can be designed us ing  
in te rJeromet ry  techniques t o  synthes ize an e f f e c t i v e  aper ture .  which i s  t h e  
l a r g e s t  dimension o f  t h e  ar ray .  The f e a s i b i l i t y  o f  aq o p t i c a l  V L A  w i t h  27 
i n d i v i d u a l  l - m  telescopes has been i nves t i ga ted  /23/. These dimensioas 
suggest an angular r e s o l u t i o n  of 10 micro-arcsec f o r  v i s i b l e  l i g h t .  Th is  
r e s o l u t i o n  i s  s u f f i c i e n t  t o  view sunspot5 on o ther  s t a r s  and e ; : t raga lac t l c  
processes as they a re  mani fest  i n  quasars and g a l a c t i c  n u c l e i .  To achieve 
t h i s  r e s o l u t i o n ,  phase s t a b i l i t y  r e q u i r e s  25 nm to le rances  and adequate 
thermal p r o t e c t i o n  probably  r e q u i r e s  l a r g e  s t r u c t u r e s  t o  cas t  shadows over 
t h e  telescope. These requirements appear t o  be achievable on t h e  lunar  
s u r f  ace. 

The 3 m i l l i - a r c s e c  r e s o l u t i o n  o f  Earth-based r a d i o  as t rometry  i s  l i m i t e d  i n  a 
fundamentiil way by t h e  7 ns  v a r i a b l e  delay caused in t h e  troposphere and b y  
cm-scale motions of t h e  Earth.  By p l a c i n g  r a d i o  te lescopes on t h e  Moon, t h e  
t roposphere de lay  problem can be e l im ina ted  and t h e  base l i ne  s h i f t s  can be 
g r e a t l y  reduced. Operat ing t h e  te lescope above t h e  20 GHz range w i l l  
p robably  e l i m i n a t e  de lay  e f f e c t s  due t o  t h e  Moon's ionosphere, which muct 
o therwise be taken i n t o  account. Reso lu t ion i n  t h e  0.1 t o  1.0 m i l l i - a r c s e c  
regime s h o ~ l l d  be achievable /24/. Th is  would make i t  poss ib le .  f o r  example, 
t o  measure t h e  Sun's proper motion about t h e  g a l a c t i c  cen te r  w i t h  a 2% 
accuracy i n  1  yr .  

For t h e  pas t  severa l  decades, r a d i o  astronomers have been enhancing 
r e s o l u t i o n  us ing in te r fe romet ry ,  and those e f f o r t s  have culminated i n  t h e  
concept o f  aper tu re  synthesis.  Radio VLAs a l ready e x i s t  on t h e  p l a i n s  of  S t .  
August ine mear Socorro, New Mexlco, U.S.A. fi Y-shaped a r r a y  o f  27 atennas, 
each arm be ing 20 km long, operates as a  coherent array,  g i v i n g  0.1 arcsec 
r e s o l u t i o n  a t  2 cm avel ength. Furthermore, very long base l i ne  i n t e f  et-ometry 
(VLEI) has been con ucted on Earth,  t h e  l i m i t  be ing t h e  diameter of  t h e  
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. . Earth.  The p o s s i b i l i t y  o f  us ing co~nbihed space-based and lunar-based systems 

'ca-take f u l  1  advant5qe o f  t h e  Earth-~ioon base1 i ne, has been examined /25.26/. 
The Moon-Earth Rarl i o In te t - f  erometr y  (MEHI ) system would cgerate  i n  t he  30 MHz 
t o  SC)O GHz frequency range, g i v i n g  a  r e s o l u t i o n  of  13 micro-at-csec a t  li:) Ghr 
and 0.4 micro-arcsec a t  300 Ghz. Hence, a  few meter r e s o l u t i o n  cou ld  be 
obtained by v iewing Mercury. 5 :.: I(:)= L:m r e s o l u t i o n  a t  Or ion Nebula, and 0. i 
astronomical u n i t  r e s o l u t i o n  a t  t h e  g a l a c t i c  center.  

FSH f i n a l l y .  i t  has been po in ted  out  t h a t  because t he  Moon's sp in  a x i s  i s  
@--d on ly  lXlt degrees from t h e  normal tr. t h e  p l m e  t h e  e c l i p t i c .  # These \el-y c o l d  t he re  a re  reg ions  near t h e  po les  i n  permanent shadow /'Z3 

reg ions o f f  et- a na tu ra l ,  law-noise environment f o r  a s t r ~ n o r n l c = l  
observator i  es. 

SCIENCE I N  SPACE 

We have descr ibed one c l a s s  of s c i e n t i f i c  ~ n v e s t i g a t i m s  t h a t  can bc 
conducted on t h e  Moon as "sc ience i n  space. " (sc ience conducted undet- va r ious  
cond i t i ons  ex tan t  i n  space) which i s  t o  be distinguished from space science 
( t he  sc ience o f  t h e  phenomena of  space) /ZV.'. Most bas ic  experiments ~ O C L I S  

on r e d ~ ~ c i n g  systeinmatic e r r o r s  by changing c r i t i c a l  psrameters. bu t  we seldom 
consider- t h e  Earth"  g r a v i t a t i o n a l  acce lera t ion,  - far e::ample, .?z a vat - j  abl  e 
i n  e:.:periments. Science i n  space i s  a c l a s s  of in\ ,ec,t igat ionc, ' ihat  can 
b e n e f i t  f rom changing some o f  t h e  most fundamental parametet-s o+ t he  Eat-th's 
environment. 



New l e v e l s  o f  chemical p u r i t y ,  low magnetic f i e l d s ,  low n e ~ l t r i n o  backgrounds, 
and d i r e c t  acLess t o  large-volume h igh  vacuum suggest e x c i t i n g  d iscover ies  i n  
fundamental science. For example, i t  w i l l  be impor tant  t o  i n v e s t i g a t e  t h e  
b i o l o g i c a l  consequences o f  low magnetic f i e l d s .  Furthermore, new f r o n t i e r s  
i n  m a t e r i a l s  sc ience can be advanced i n  t h e  c lean cond i t i ons ,  low 
g r a v i t a t i o n a l  f i e l d s ,  and abundant s o l a r  energv a>:ailable a t  a  lunar  research 
labora to ry .  

As one f u r t h e r  i l l u s t r a t i o n  o f  sc ience i n  space. we mention a fundamental 
phys ics  experiment t h a t  r e q ~ l i r e s  very  low magnetic f i c l d s  over a  volume o f  
many m3. An e l e c t r i c  d i p o l e  moment (EDMI f o r  any p a r t i c l e  i m p l i e s  a  
nonuniform charge d i s t r i b u t i o n .  The conservat ion of  p a r i t y  and t ime re.:.- . +:a, 
i n va r i ance  (TRI) each r e q u i r e  t h a t  t h e  EDM f o r  a l l  p a r t i c l e s  must vanic .. 
But grand u n i f i e d  t h e o r i e s  p r e d i c t  an EDM f o r  t h e  neutron so t h a t  t h e  
d iscovery  o f  a  neutron EDM would have broad i m p l i c a t i o n s  f o  present  t h i n k i n g  
on t h e o r i e s  o f  matter.  

Experiments show t h a t  t h e  neutron EDM is smal ler  than 10'20 e-cm (EDM i s  
measured i n  u n i t s  o f  e l e c t r o n  charge, e, and distance,  cm) , and t h e  
s e n s i t i v i t y  may u l t i m a t e l y  reach I C I - ~ ~  e-cm on Earth. However, a s e r t s i t i v i t y  
near e-cfr~ would be necessary t o  make d e f i n i t i v e  statements about t h e  
cause o f  TRI i n  nature,  and a  n u l l  r e s u l t  would be impor tant .  EDM 
experiments use nuc lear  magnetic resonance techniques w i t h  t h e  neut ron 
magnetic moment precessing around weal.: magnet1 c  f i e l d s .  A 10-20 e-cm 
measurement r aqu i  r e s  e::cl u s i  on of  extraneous magnetic f i e l  ds t o  t he  10-- G 
l e v e l .  For a  p r a c t i c a l  NMR apparatus, t h i s  may no t  be p o s s i b l e  on t h e  Earth,  
even w i t h  a  superconducing sh ie l d .  On t h e  Moon, however, s t a r t i n g  w i t h  a 
lW4 G f i e l d  and an e a s i l y  ob ta inab le  lQb s h i e l d i n g  f a c t o r  us ing  standard 
methods, 10--G should be poss ib l e  /29/. Thus, a permanent lunar  research 
labora to ry ,  i f  i t  a l ready ex i s ted  f o r  o ther  reasons, cou ld  be used f o r  
conduct ing c r i t i c a l  experiments t o  l e a r n  more about t h e  na tu re  o f  matter.  

CONCLUSIONS 

We have s t a r t e d  from t h e  perspec t i ve  t h a t  t h e  nex t  s e ~ e r a l  decades w i l l  see s 
growing i n t e r e s t  and capabi 1  i t y  i n  space exp lo ra t ion .  A s  a  conseqi:ence, we 
b e l i e v e  t h a t  a  lunar  base w i l l  be es tab l i shed  i n  t h e  no t  t o o  d i s t a n t  f u t u r e  
f o r  a v a r i e t y  of reasons, i n c l u d i n g  a n t i c i p a t e d  s c i e n t i f i c ,  p o l i t i c a l ,  and 
economic bene t i t s .  Because o f  t h e  long l ead  t imes f o r  l a r g e  space p r o j e c t s  
and experiments, i t  i s  no t  t o o  e a r l y  t o  contemplate what types o f  s c i m t i f i c  
a c t i v i t i e s  should be undertai::en a t  a manned base on t h e  Moon. Ooing so p u t s  
us i n  a  b e t t e r  p o s i t i o n  t o  in f luence ,  as s c i e n t i s t s ,  how a lunar  base w i l l  
evol  ve. 

Fiesearch i n v e s t i g a t i o n s  a t  a  lunar  l abo ra to r y  can be placed i n  t h ree  
ca t sgo r i  es: Lunar Science, Astronomy. and Science i n  Space. We ha\,@ 
discusc,ed m i  que e::periments t h a t  can be' conducted a t  t h e  Moon i n  each of  
these categor ies .  O u r  d iscuss ion has focused on e::amples, and was no t  
intended t a  be an exhaust ive l i s t  of s c i e n t i f i c  o p p o r t u n i t i e s  a t  a lunar  
labora to ry .  We hope we have chosen examples t h a t  w i l  r s t i m u l a t e  t he  
i n t e r e z t s  of s c i e n t i s t s  from other na t ions  50 t h a t  t h e  f u t u r e  o f  manned 
e:,:ploration i n  space w i  11 be t r ~ ~ l y  an i n t e r n a t i o n a l  c o ~ p e r a t i ~ e  e f . f s r t .  

I t  i s  a  p leasure t o  acknowledge h e l p f u l  d iscuss ions du r i ng  t h e  COW-SE o f  t h i s  
worl.: w i t h  James D. B lac ic ,  Grant Heiken, and David T.  Vaniman, Los filamos 
Nat iona l  Laboratory, w i t h  Jack 0. Burns and G. Jef.f e r v  Tay lor .  Univst-si t y  of: 
New Me:,:ico, and w i t h  Earney Roberts and Wendel 1  W. Mendel 1, NkSA/Johnson 
Spdce Center. 
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